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ABSTRACT 

The scattering of electromagnetic radiation by the particle gyrating in an external 
magnetic field is considered. Particular attention is paid to the low-frequency case, 
when the frequencies of incident radiation are much less than the electron gyrofre- 
quency. The spectral and polarization features of the scattering cross-section are an- 
alyzed in detail. It is found that the scattering transfers the low-frequency photons 
to high harmonics of the gyrofrequency, into the range of the synchrotron emission 
of the electron. The total scattering cross-section appears much larger than that for 
the particle at rest. The problem studied is directly applicable to the radio wave scat- 
tering in the magnetosphere of a pulsar. The particles acquire relativistic rotational 
energies as a result of resonant absorption of the high-frequency radio waves and con- 
currently scatter the low-frequency radio waves, which are still below the resonance. 
It is shown that the scattering can affect the radio intensity and polarization at the 
lowest frequencies and can compete with the resonant absorption in contributing to 
the low-frequency turnover in the pulsar spectrum. Moreover, the scattering can be an 
efficient mechanism of the pulsar high-energy emission, in addition to the synchrotron 
re-emission of the particles. Other astrophysical applications of the scattering by gy- 
rating particles are pointed out as well. 
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1 INTRODUCTION 

The presence of an external magnetic field may substantially affect the process of phot on scattering of f an electron. The classical 
non-re l ativistic consideration of the magnetized Thompson scattering h a s been done in Canutol ( 197C )^ Canuto. Lodenauai. fc RudermanI 
l l97ll l: lGoldstein fc Lenchekl (|l97ll l: iBlandford fc Scharlemam] l|l976h : IVentural |l979l ): ISorner fc MeszarosI (|l979al lbh. It has 
been found that the role of magnetic field is significant unless the photon frequency substantially exceeds the electron gyrofre- 
quency, uj 3> UJG = eB/mc, and the magnetized scattering cross-section is characterized by peculiar angular and frequency 
dependencies as well as specific polarization signature s. The fully re lativistic treatment of the magnetic cross-section in term s 
of quantum electrodynamics has been develop ed in iHeroldl Il979 | ): [Melrose fc Parlel lll983l): [Paughertv fc Hardinl jlQSd l. 
and useful approximations have been given in IXia et al.l l|l985h : IPauehertv fc Hardind (|l989l ): IConthier et all l|20od ). The 
relativistic effects become important in extremely strong magnetic fields approaching the critical value B^v = 4.413 ■ 10^^ G 
defined as hujoiBcr) = mc? , and at frequencies roughly comparable with uiciBcr)- Then the magnetized scattering exhibits 
principally new features, such as resonances at high harmonics of the gyrofrequency and the possibility of electron excitation 
to higher Landau levels. 

The relativistic regime may be applicable to close neighborhoods of the neutron stars, whose surface magnetic fields 
are typically ~ 10^^ G and in case of magnetars may be as large as ~ 10^^ G. The neutron stars have surface temper- 
atures Ts ~ 10^ — 10® K, and the thermal X-ray photons are scattered off the primary particles, which are accelerated 
by the rotation-induced electric field of the neutron star to the Lorentz- factors 7d ~ 10® — 10^. The re s onant Compton 
scattering of the thermal radiation of the neutron star can be efficient i Blandford fc Scharlemann 19761 : Xia et al. 1985 : 
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Daughertv fc Harding! [l989l ) and is believed to have important implications. The upscattered photons are capable of pro- 
ducing the electron-positron pairs and may compete wi th the curvature emission of the primary particles in controlling the 
pair production cascade in the polar gap of a pulsar ( Sturner fc Dermei 1994 : Sturnerl 1995 : Luol 1996). Thus, the reso- 
nant C o mpton scattering may substantially affect the cha racteristics of the secondary pulsar plasma ( Hibschman fc Aronj 
2001al lbl: lArendt fc Eiiek[|2002l: iHarding fc M uslimov 2002) . This process can also account for the high-energy spectra of 



magnetars (Thompson. Lyutikov fc Kulkarnill2002: .Lvutikov fc Gavriil 20061 : Rea et al. 2007 : Fernandez fc Thompson 2007 : 



Beloborodov fc ThompsorJ 2007 : Baring fc HardingllioOTi ). For a review of other applications of the resonant Compton scat- 
tering to pulsars see, e.g., IHarding fc Lail (|2006l ). 

The scattering of the non-thermal radio emission of pulsars off the secondary plasma particles is an essentially distinct 
process and is also of interest. The secondary electron-positron plasma streams ultrarelativistically, with 7 ~ 10^, along the 
open magnetic lines of a pulsar and ultimately leaves the magnetosphere as a pulsar wind. The radio emission is believed 
to originate inside the plasma flow deep in the magnetosphere. Hence, on its way in the magnetosphere and beyond, pulsar 
radiation passes through the plasma and is subject to scattering off the plasma particles. Since for radio frequencies hv/mc? ^ 
1, the quantum effects on the scattering are negligible and the classical treatment is appropriate. In the vicinity of the emission 
region, the photon frequency in the particle rest frame is much less than the electron gyrofrequency, uj'y(l — ficosO) <^ ujg 
(here (3 is the particle velocity in units of c and 6 is the angle between the photon wavevector and the particle velocity), i.e. 
the magnetic field is strong enough to affect the scattering process. As the magnetic field strength rapidly decreases with 
distance from the neutron star, B oc -R~^, in the outer magnetosphere the waves suffer cyclotron resonance, and in the pulsar 
wind the scattering is non-magnetic. 



T h e scattering of pulsar ra dio emission in the magnetic and non-magnetic regimes has first been considered in lBlandford fc Scharlemann 
( 19761 ): IWilson fc Ree3 (|l978l ). Because of extremely high brightness temperatures of pulsar radiation, Tb ~ lO'^^ — 10^" 
K, the induced scattering s t rongly domina tes the spontaneous one and can be efficient in both regimes. Further studies 
i Lvubarskn fc Petrovalll996l : |Petrovall2004al lbh have demonstrated that the magnetized induced scattering can lead to sub- 
stantial redistribution of intensity in frequency and pulse longitude and thus can account for various phenomena characteristic 
of the observed radio pulses. 

Close to the neutron star surface, the magnetic field is strong enough for any transverse momentum of the electrons 
to be almost immediately lost via synchrotron re-emission. However, it is not the case in the outer magnetosphere, where 
the radio waves meet the condition of cyclotron resonance. Correspondingly, in the resonance region the waves are subject 
to cyclotron absorption rather than resonant scattering. At th e conditions relevant to pulsar magnetosphere, the process of 
cyclotron absorption not only affec t s the radio wave intensity (Blandford fc Scharlemann 19761 : Lvubarskii fc Petrova 19981 : 
Petrovall20o3 : lLuo fc MelroseJ I2OO1I : IPusseU. Luo fc Melroselboosl). but also leads to a substantial increase of the transverse 



momenta of the absorbing particles I Gle^dSoid~&^'s^ai\ems^il 19761 : Lvubarskii fc Petrova 19981 : Petrova 2002 . 2003h . Since 



the pulsar radiation is broadband. 



n-10^ 



• 10 Hz, the resonance region is sufficiently extended. The particles entering 



the resonance region acq uire relativisti c gyration energies straight near its lower boundary, in the course of absorption of the 
waves with u ^ 10^° G jPetrovalbooi ). Then the lower-frequency waves, u <^ 10^'^ Hz, which are still below the resonance, 
1^7(1 — /3cos9) ^ uq, are subject to the magnetized scattering off the relativistically gyrating particles. This process will be 
examined in detail in the present paper. 

The scattering by a gyrating electron differs substantially from that by an electron at rest. For the electron at rest, the 
scattering to high harmonics holds only within th e framework o f the relativistic treatment, in the magnetic fields close to 
the critical value and at high enough frequencies (jHeroldl [l979l : iMelrose fc Parlelfigsi : lOaughertv fc Hardin3ll986l ). (Note 
that the relativistic formalism of the scattering has been developed only for the case when the electron is initially at the 
ground Landau orbital.) For the gyrating electron, the high-harmonic scattering is a purely classical effect and it may be 
efficient in arbitrary magnetic fields for the incident frequencies below the electron gyrofrequency. In application to pulsars, 
the scattering by the electrons at high Landau levels transfers the radio photons into the optical and X-ray ranges and thus 
provides a physical connection between the radio and high-energy emissions of a pulsar. Other astrophysical applications of 
the process, e.g., to synchrotron sources, are not excluded as well. 

It should be noted that the pulsar radio emission is believed to be generated at frequencies of order of the local Lorentz- 
shifted proper plasma frequency, lj ~ Up^/^, where ujp = AnNe'^/m and A'^ is the number density of the plasma par- 
ticles. Therefore in the radio emission region and its close vicinity the scattering is a collective plasma process. The in- 
duced scatterings in the pl asma arc suggested as an important ingr edient of the pulsar radio emission mechanism (see, e.g., 
Lominadze et all 1 19791: iLrobarskii,, 1992. . 19931. 1 19961: lLvutikovlll998l) an d as a significant propagation effect of the generated 
radiation ( Gangadhara fc Krishanll 19931 : Lyutikov 19981 : Luo fc Melrosel 20o"6l ). However, as the plasma number density rapidly 
decreases with distance from the neutron star, oc -R~^, far enough from the emission region lo ^ ^v\fl ^-^id the plasma 
effects on the scattering become negligible. Thus, the scattering in the resonance region can be considered as a single-particle 
process. Besides that, in this region the wave dispersion can also be ignored, so that the incident radiation presents transverse 
electromagnetic waves. 



A general formalism of the scattering by gyrating electrons in the magnetoactive plasma has been developed in lMelrose fc Sv 
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I I972I ). In the present paper, we introduce some corrections and simplifications to that treatment and obtain the scattering 
cross-section in the form suitable for the concrete applications. The plan of the paper is as follows. In Sect. 2 we derive the 
scattering cross-section for a gyrating electron and obtain its low-frequency approximation. The scattering of pulsar radio 
emission by relativistic gyrating particles is studied in Sect. 3. We investigate the validity of the formalism in application 
to pulsars in Sect. 3.1, examine the radio intensity suppression in Sect. 3.2 and consider the scattered power in Sect. 3.3. 
The results of the paper are discussed and summarized in Sect. 4. The induced scattering off the gyrating electrons will be 
considered in a separate paper. 



2 SCATTERING CROSS-SECTION 
2.1 General equations 

Let us consider the scattering of transverse electromagnetic waves by a gyrating electron. For the sake of simplification we 
take that the component of the electron velocity along the external magnetic field is zero. In the classical formulation of the 
problem, the incident wave fields perturb the motion of the electron, a nd it emits the seco n dary waves, which are interpreted 
as a scattered radiation. We proceed from the formalism developed in Landau fc Lifshitz 1 1988h for the scattering by a free 
electron. The scattering cross-section is defined as the ratio of the average intensity of the waves scattered into the elementary 
solid angle dO' to the energy fiux density of the incident radiation, and can be presented in the form 

lim f Ife' X A^,\^duj'/2n 
da _ -oo 

dO' ^ \E^\^ ' ^ ' 

where fc' and cu' are the wavevector and frequency of the scattered waves, A^i and Eu, are the Fourier-components of the 
vector potential of the scattered waves and the electric field of the incident waves, and _Ro is the distance to an observer. The 
linearized vector potential of the scattered waves reads 

oo 

= 5_ / e[«i(t)_i(fe'.ri(i))«oW]e"'-'= ■''''f*'dt. (2) 

— oo 

Here vq and ro are the velocity and coordinate of the unperturbed circular motion of the electron, V\ and ri are the first 
order perturbations of these quantities. In the coordinate system with the z-axis along the external magnetic field, 

1^0 = «o(cos — sin 0), ro = -^{saiQ,t,cosQ,t,Q), (3) 

where f2 = eBo/'yomc and 70 = (1 — Vg /c'^)'^^^ . The perturbed motion of the particle in the fields of the incident wave, iJi 
and is described by the linearized equation of motion 

d / , 2«o • wi \ „ , vo X Bi wi X Bo ..s 
"170— lwi+7o 5 — voj=eEi+e he . (4) 

Hereafter the subscripts of the perturbed quantities will be omitted. It is convenient to project equation (4) onto the axes, 
one of which is along vq and another one along Bq : 

Bi — {cos fit, — sin Qt,0), 62 = (sin cos 0), 63 = (0,0,1). 

Taking into account that dei/dt = —Qe2 and de2/dt — flei, one can write 

7o^(i' ■ ei) = F • ei, 

^(v ■ 62) - t7/?o7o(« ■ ei) = F • 62, 

^{v ■ es) ^ F ■ es, (5) 
where F = e(E + vo x B /c)/m'yo and /So = vo/c. Then we obtain the following solution; 

Vx = /i cos fit -I- (/2 + g) sin Q,t, 
Vy = —fi sin fit + (/2 + g) cos Qt, 

v. = f3, (6) 
where 
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h = ^ j F- ei(f')dt', /2,3 - j F- e2,3(t')dt', 5 = ^Pl ^ df' ^ F ■ 



ei(t")dt", 



(7) 



and the perturbed c oordinate is Riv e n by r — J' v{t')At' . Note that our equation of motion and its solution differ substantially 
from those given in iMelrose fc Svl (|l972l ) (cf. equations (51)-(54) therein). Firstly, in that paper, one of the terms of the 
linearized equation of motion is missing (namely, the last term in equation (4) above). Secondly, the authors have not taken 
into account that ei{t)dp / dt ^ d(ei • p)/At. Consequently, the second term on the left-hand side of the second of equations 
(5) and the term g in equation (6) are absent in their treatment. 

To proceed further we specify the characteristics of the incident and scattered waves. The wavevectors of the incident 
and scattered radiation can be written as 



k — fc(sin 6 cos (ji, sin 6 sin 0, cos 6), k' = fc'(sin 6' cos (j)' , sin O' sin (ji' , cos O') 



(8) 



where 9, 9' and 0, (f>' are the polar and azimuthal angles in the spherical coordinate system with the polar axis along the external 
magnetic field. Since the plasma effects are neglected, the radiation presents transverse electromagnetic waves polarized either 
in the plane of the wavevector and the external magnetic field or perpendicularly to this plane. Then the electric fields of the 
waves are directed as 

eA = (cos 9 cos (j), cos 9 sin 0, — sin 9), bb ~ (sin 0, — cos (j), 0), 

ca' = (cos6l' cos 0', cosS' sin^', — sin^'), eg/ = (sin^', — cos0', 0), (9) 
and B = k X E. 

To find the vector potential (2) we use the Fourier-representation of the monochromatic field, E 
equation (7), and perform the expansion in Bessel functions 



gife-ro _ gi(tj/f2)/3osinesin{nt + </)) 



n — — oo 



( u)f3o sm9 \ 



(10) 



and the analogous expansion for e"'*" ''o'''. With the commutation relations ( J„+i -|- J„_i)/2 = {n/z)Jn and ( J„_i — J„+i)/2 = 
J'„, where z is the argument of the Bessel function and the prime denotes the derivative with respect to z, one can obtain the 
useful relations 



n— — oo 



Z — — oo 



E 

1 — — OC1 



— Jl{z') 
z' 



cos(m + 0)e''=-''° = >^ -J„(z)e' 
cos'(nt + 0')e~"='-"« = 
sin^(nt + 0')e""='"'« = 
cos{Q.t + </>') sin[nt + <j!>')e""='"'" 



n(nt + 0) 



sin(t7t + 0)e''=-''o = -i 2^ J'^{z)e' 



in{nt+ij>) 



n— — oc 



i!(nt+</)') 



z' / z' 



-ii{nt+4>') 



— oc 



ii{nt+ti>') 



where z = Lj/3osin6'/n and z' = uj' /3o sm9' /O,. Substituting this into equation (2) leads to the integral J e'^'^ -i^+nn-in)t^^^ 
which yields the delta-function. Then, taking into account that [5(ci;)]^ — {T/2it)S{(jj) and using this in equation (1), one can 
find the scattering cross-section. 

We are interested in the four cross-sections corresponding to the cases when the incident and scattered waves have one 
of the two polarizations given by equation (9). The incident polarization enters F, whereas the scattered polarization can be 
included by projecting the magnetic field of the scattered radiation, B^i = ife' x A^i , onto the magnetic field directions in 
the normal waves, fc' x eA',s'- Then the term |fe' x A^/\^ is reduced to {A^i ■ eA',s')^'^' /c^- Routine calculations lead to the 
following cross-sections: 

2 



dO' 



7g 



I'— — OC 



E 

rL,l = -o 
l-n = u 



i(n<f> — lip ) 



(11) 



where to' = u) + {I — n)Q, is the classical electron radius, the superscripts i,j denote the initial and final polarization states 
of the waves, and 



© 2007 RAS, MNRAS 000.[TlfT3l 



Scattering by a Gyrating Electron 5 



a = 1 cos e cos e y^-p — '-^ — ^ — — - — i 

(nil — Ljy — \V 

+iJnJi [{Pon/z — sin 9){Pol/ z — sin 9' ) + cos 9 cos 6' nl/ zz 'Jq], 
AB' _ a - g;) j; + »(7i/2) J„][(n» - c^)(A) sing' - //z') J; - nj;] 

— JnJ'i[nco89 / z-yQ + l3o cos 9' {l3on / z — sin 61)], 
BA' _ g, [»Jn - (n» - c^)(/3o sing ~ n/z)J^][{nQ. - lo)J'i + Q.{l/z').Ji] 

+j'nJi \l cos 6' / z'"f^ + /3o COS 9{PqI/ z — sin g')], 

SB' _ . [(n» - u){PaSine~ n/z)Jr, - »Jn][(nn - aj)(/?o sin -l/z')Ji- 
" ^ ' {nft - a;)2 - 

+ ij; + /?o7o cose cos 0')/7o- (12) 

Here J„ = Jn{z) and J; = Ji(z'). Equations (11)-(12) give the scattering cross-sections in case of a gyrating electron. 
In astrophysical applications, the particles generally perform helical motion, and the corresponding cross-sections can be 
obtained from equations (11)-(12) by means of relativistic transformations. In case of relativistic longitudinal motion of the 
electron, 7|| = (1 — 0^\)~^^^ 3> 1, it is convenient to involve the cross-section S defined as the ratio of the number of the 
scattered photons to the flux density of the photons flying against the electron. This quantity is a relativistic invariant and is 
related to the cross-section a as [uj / uj')Aa / AO' = (1 — /3|| cosS)dS/dO'. Then making use of the transformations oJc = W7||?7, 
uj'c = a;'7||7;', and AO'c = dO'/7|7?' (where 77 = 1 — /3|| cos0, 77' = 1 — /3|| cos 61', and the quantities of the guiding centre frame 
are denoted by the subscript 'c'), one can obtain that 

da / do- ^ 



dO' VdO'VeT^T]''' 



(13) 



where the quantities entering {Aa /AO')c should be expressed via the quantities of the laboratory frame. 

It is worthy to examine the symmetry properties of the cross-sections (11)-(12). Keeping in mind that nO, — u = 10, — u' , 
one can see that |a^j| are symmetrical with respect to the simultaneous change ui to' , n <=J> I, and i j, and hence 
the cross-sections can be written in the form da'-'/dO' = s^Juj' , where s^J are symmetrical in the above mentioned sense. 
This corresponds to the symmetry of each harmonic of the scattering probability with respect to the initial and final photon 
states. Indeed, the power supplied by the scattering electron can be presented as 

^AO'AJcn^NiU)^^ - / ^'-^^^^WfW)-- ^''^ 

where A'^(fe) is the occupation number of the incident photons and w is the scattering probability. With equations (13)-(14) 
it is obvious that Wi, oc SviOLu' rj-q' . 



2.2 Useful approximations 



The general form of the scattering cross-section given by equations (11)-(12) is so complicated that it can hardly be involved 
directly in concrete applications. To analyze the basic features of the scattering off a gyrating electron we turn to reasonable 
approximations. (Note that the approximate cross-sections obtained below refer to the guiding-centre frame and it is necessary 
to apply the Lorentz transformation (13) in order to use them in any realistic calculations.) First of all, we consider the limiting 
case when l3o 0. As z, z —> 0, one can use the approximation of the Bessel function at small arguments, 

(C/2)^ 



MO 



C< l,n ^ 0, 



taking into account that J_„(c^) = (— 1)"J„(^). Then only the zeroth harmonic, u 
to the cross-sections, and they are reduced to the form 

AA' 



(15) 

: {uj' = Lu), yields a non-zero contribution 



Aa^ 



AO' 



sin sin 8 + cos 8 cos 



, iQoj sin A(l> — w cos A(f) 



O? 



Aa 



AB' 



AO' 



cos^ A(l> + sin^ 



Aa 



BA' 



AO' 



— COS A<j) + sin AS 
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dO' 



(^2 -a;2)2 



— - sin A(j) + cos A<j!> 



(16) 



where = — 0'. These equations coincide with the scattering cross-sections for the electron at rest (jCanuto et alJIigTlf ). 

Below we dwell on the low-frequency approximation of equation (12), ui ^ Q, given arbitrary gyration velocities of the 
electron. (Note that our assumption does imply small frequencies rather than large gyrofrequencies, since in the latter case the 
electrons rapidly lose their gyration energies via synchrotron emission.) Then z is still a small quantity, while z' = u'Po sin 6' /Q 
is small only at u = 0; ai i/ ^ z' m v(5o sin^'. The zeroth-harmonic cross-sections read 





r1 sin 


dO' 








dO' 


- 7o^f72 






dO' 




daE^' 


tW 


dO' 





cos Q cos A0 — 



cos Q' cos Ai;/) - 



sin A0. 



/3g sin e sin cos d' 



/Jq sin 9 sin 9' cos 6 



(17) 



Comparison of equation (17) with equation (16) at u>/Q <^ 1 shows the following. For the scattering channel B —> B' , the 
cross-sections are exactly the same, i.e. the scattering by the gyrating electron without a change in frequency nothing differs 
from that by the electron at rest. For the scattering channels with a change in polarization state, A ^ B' and B — ^ A' , 
the cross-sections (16) and (17) are somewhat different, though generally remain of the same order of magnitude. As for the 
A A' channel, the scattering by a gyrating electron is a factor of weaker. Nevertheless, it may still dominate that in 
the other channels. 

The cross-section components at the non-zero harmonics can be reduced to 

AA' 



da. 



riQ.'^v'^.Jl{v(3osm9') sin^ 6lcos^ 



dO' 



sin^ 9' 



da, 



AB' 



dO' 



— - po sm 9 cos ( 



da, 



BA' 



r^nW^(i//3osin 9') cos^ 9' 



dO' 



^{sin 6l[l - A, (1 - cos e cos 6'')/2] -f sin e' cos A0}^ 



da. 



BB' 



rlQ^v^Jl {v(iosi-a9')l3l cos^ 9' 



dO' 



2 9 



sin2 9 



— cos6'cos6'')/2] -f sin 61' cos A0} 



and the total cross-sections are given by 

do^ - d'^y gV day 
dO' dO' 2^ dO'' 



(18) 



(19) 



Note that the dependence of the cross-section components (18) on v resembles that of the harmonics of the synchrotron 
power in the Schott formula, except for the factor v*' instead of . Based on an analysis similar to that in the classical 
theory of synchrotron emission, we conclude that the scattering cross-sections peak at high harmonics, ~ 7o, and the 
low-frequency radiation, lj ^ f2, scattered by the relativistically gyrating electron concentrates in the same frequency range 
as the synchrotron emission of the electron. 

To obtain the total scattering cross-sections we make use of the summation formulas derived in Appendix, 



a;^(64 -f 592a;2 + 472a;* + 272;" 
256(1 -2:2)13/2 



64 624a:^ + 632a;'* -H ^hx^ 
256(1 -a;2)ii/2 ' 



(20) 



and perform routine integration over the solid angle. The final results read 



AA' 



47rr^n''7g/3g sin^ 9 



1 

To 



20 



^ 1^ 
30 120 
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AB' 



20 30 120 



BA' _ 'inr^n^^lpi 



1 . 2 



2 



1 i3/3g At a! pI 

6 60 12 24 120 



1 

SB' 



/3o cos^ 



1 I M_ W ^ 
10 20 30 120 



1 . 2 

-+sm . 



2 



1 31A! 77PI Pt Pi 

2 12 60 24 120 



1 (Pocos^esm^ 



7g 



20 



30 



A. 
120 



(21) 



The cross-sections include the large parameters, Q,'^ /lj'^ and Vl^ jio^ , and strongly exceed those for the electron at rest, but 
it should be kept in mind that they cannot increase unrestrictedly with f2, since strong enough magnetic field precludes the 
relativistic gyration of the electron. As can be seen from equation (21), the cross-sections for the same incident polarizations 
are of the same order of magnitude and in case of ultrarelativistic gyration, /3o ~ 1, are related as a^^ jrj^^ = 3/13 and 



^BA i^BB ^ ^^^3^ whereas 



+ 0-' 



) — (16/9)n /lu 7o. The latter quantity may be both small and 



large, so that any of the two polarizations may be scattered predominantly. Stronger scattering is favored by larger gyration 
energies and larger fl/cu, and the scattering of B-polarization is more significantly affected by the former quantity, whereas 
the scattering of A-polarization by the latter one. 



3 APPLICATION TO PULSARS 

The scattering of low-frequency radiation by relativistic gyrating particles is believed to be the case in pulsars. It takes place 
in the outer magnetosphere, in the region of cyclotron resonance for the high-frequency radio waves. The particles of the 
secondary plasma, which pass through the area covered by the pulsar radio beam, participate in cyclotron absorption and 
rapidly acquire relativistic rotational energies. One can expect that these particles subsequently scatter the low-frequency 
radio waves, which are still below the resonance, in the regime considered in Sect. 2.2. Below we examine the vahdity of the 
scattering cross-section obtained above in application to pulsars, give the quantitative description of the consequences of the 
scattering process and compare them with the consequences of resonant absorption. 



3.1 Validity of the formalism 



We start from examining the validity of the technique developed in Sect. 2.1. The hnearization of the equation of the particle 
motion is appropriate on condition that 



vi <s: vo 



and 



ri < ro 



(22) 



In case of the B-polarized incident waves, when the incident electric field is perpendicular to the external magnetic field, from 
equation (4) one can obtain the following estimate: vi max(m7tj, eSo/c) ~ eBi, which reduces to 



c 



Bi/Bo, 
eB\ / umay , 



ijj/Vl < 1, 
u)/Q. > 1. 



(23) 



The estimate at oj/fJ 2> 1 is also true in the absence of the external magnetic field and co incides with the parameter / of the 
theory of synchro-Compton emission jCunn fc Ostrikerlll97ll : lReeslll97li : lBlandford|[l972l ). The restriction given by equation 
(22) implies that / ^ 1, i.e. the linearization technique is admissible only in the case when the secondary waves emitted by 
the electron present a customary Compton-scattered radiation rather than the synchrotron emission in the magnetic field of 
a strong low-frequency incident wave. 

Our consideration is concerned with the regime of customary Compton scattering in a strong external magnetic field. 
As can be seen from equation (23), this regime is realized on condition Bi/Bq <^ 1, i.e. if the energy density of the incident 
radiation is much less than the energy density of the external field. In case of pulsars, it is reasonable to analyze this condition 
directly in the laboratory frame, where the particles have the longitudinal component of the velocity as well. In this case, the 
general form of equation (4) remains the same, but the particle velocity and Lorentz- factor, do and 70, should be replaced 

2 2/2 2 2 

by the total velocity v, which includes both the longitudinal and transverse components, P = v /c = P^^ + Pj_, and the 
corresponding Lorentz-factor 7 = (1 — /3^)~^'''^. Then for the quantities of the laboratory system we have: Vi/c ~ Bi/Bo at 
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2-KVi'q'y /uh , where ui is the frequency of the incident waves and uh = eBo/mc. The magnetic field of a pulsar has dipolar 
structure and its strength can be estimated as 

^ ^°'to^ (to^) ^' 

where B* corresponds to the stellar surface, R is the distance from the star, and it is taken that the neutron star radius is lO" 
cm. Taking into account that Bf/Siv = L/Sc, where L is the radio luminosity, S is the area of the radio beam cross-section, 
S — TvR^x^ J S'lid X is the half- width of the beam, one can estimate the magnetic field strength in the waves as 

1/2 



^'-^^ ' (l02^e^gs-i) ( low) 



Hence, 



Bi ^ ,„_6 -if L \ ' W^' G f R 
B 

As is pointed out above, the scattering of low-frequency waves off the gyrating particles occurs in the region of cyclotron 
absorption of high-frequency waves, where the particles can acquire substantial transverse energies. Its location in the mag- 
netosphere can be estimated from the resonance condition for the high-frequency waves, ^^^6^/2 = ll1h/2-k (here it is taken 
into account that 7 = 7o7||, which follows from the invariance of the transverse momentum, px = P±'ymc — /3o7o'7ic, and 
assumed that I/7 <C S < 1): 

_^ - 2^-/^ 10! 10^\ (25) 

10«cm "^'^ 1^10"G -y J ■ ^^^^ 

Using equations (24)-(25) and taking into account that x ^ "n- ' 0.1, one can conclude that for any conceivable values of the 
parameters B\/Bo is less than unity and, correspondingly, the energy density of the incident radiation is much less than the 
energy density of the external magnetic field. 
Assuming that ri ~ vi/u, one can find that 

ro Bq UJ il 

Thus, n/ro ^ 1 appears a more restrictive condition than vi/vo <^ 1 because of the large parameter Q/uj. However, it 
should be kept in mind that in our case the cyclotron frequency should be small enough to provide the resonance of the 
high-frequency radio waves, so that fi/oj ~ Uhd /2pi. Since pulsar radio emission spans the frequency range n • W'^ -n - 
Hz, I'h/i'i ~ 10^ — 10"*, and the condition ri/ro <C 1 is also fulfilled. 

The linearization of the vector potential given by equation (2) is valid under the condition 

which is still more restrictive, since the waves are predominantly scattered into the frequency range uj' ~ 7of2. 

Given that the incident waves have A-polarization, the electric field and the perturbed velocity are almost aligned with 
Bo, and the restrictions take the form 

vi Bi n 

vo Bo Lu' 

ri ^ _Bi_n! 

ro -Bo ' 

''—IS-' 

Based on the above consideration one can conclude that our treatment is valid for 70 < 10. S uch rot ational energies are indeed 
typical of the particles of the secondary plasma in the magnetosphere of a pulsar (see, e.g., [Petroya 2002, 2003). 

In the guiding centre frame, the scattered power can be estimated as P-' — La/ S, where j denotes the polarization state 
of the incident waves. It is reasonable to compare P-* with the synchrotron power of the electron, Payn ~ e^ajg^o / c. Making 
use of the cross-sections (21) at /Jo « 1 and taking into account that L/Sc — Bi/Stt, one can obtain 

Bl^t 4 
P,y„ ~ £2 ^4 To, 

K;:^BiZj^^'- (29) 
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Keeping in mind the restrictions (23), (26)-(28), one can see that the scattered power is always less than the synchrotron 
power. As k'ri approaches unity, / Psyn ~ 1 and P^/Psyn ~ Jo^- 



3.2 Intensity transfer 

As is shown in Sect. 2.2, the low-frequency waves, Wc ^ fi, are predominantly scattered into the range of high harmonics of 
the gyrofrequency, uj'^ ~ 7o^^- In the laboratory frame u'^wrj' — loh'Jo, where rj' ~ l/7y because of relativistic beaming effect. 
Taking into account that uih/jo ~ '^TrVhJW'lt one can estimate the characteristic frequency of the scattered radiation as 

-'»"»'lo^(i^)"(S)'«- 

It strongly depends on the particle rotational energy 70 and other parameters and is expected to fall into the optical or soft 
X-ray range. Note that the scattering of the low- frequency radiation into the high-energy band strongly dominates the inverse 
process, since the radio emission of a pulsar is much more intense. 
The scattering depth can be written as 



J J ^'v' 



(31) 



where A^e is the number density of the scattering particles and al stands for the scattering cross-sections (21) expressed in 
terms of the quantities of the laboratory frame and summed over the final polarization states: 

o-^ = 32TTrl-fo{uh/uif/3e'^'yf^, 

o"" = 2^-Krl-il(ynlv{f I?,. (32) 

Here it is taken that /3o ~ 1, 1/7|| ^ ^ < 1, f2 = 2-KVh'^\\'r\^ and Wc = 27rt';7[|?7. The number density of pulsar plasma can be 
presented in terms of the Goldreich- Julian number density, Ae = Ki3o/27r7?Le (where k is the plasma multiplicity factor and 
Rl = 5 ■ 10^ P cm is the light cylinder radius), and estimated as 

"-"^'"wTcfe^ds^;:)"™-'^ t'»> 

Substituting equations (32)-(33) into equation (31) and taking into account that Lori/u'r]' ~ {vi/vk)lQ ''^ , we find 



r-^ = 10-^0 



Vh/vi \ / 10^ 10« cm \ K 1 s 



102 y V^ll ^ J 10^^ G P 



B ,n-6 5^h/ui K ls/lO*cmV 2 tnA\ 

r = 10 70-— ———— —— e. (34) 



102 103 1012 G P \ R ^ 

One can see that the intensity suppression can be efficient only marginally, at 70 ~ 10 and lyn/ui ~ 10"^. Note that the 
scattering depths for the two polarizations have distinct dependencies on the parameters and may differ substantially. Hence, 
if efficient, the scattering should affect polarization of outgoing radiation, since the latter is an incoherent mixture of the 
waves with the two polarization states. 

It is interesting to compare the above scattering efficiencies with the optical depth to resonant absorption. The latter 
quantity is given by 



2 



K f lO^HzlOn'''' /ls\9/5 



103 \ 1012G 1^ 7 



(^) sin^^^e, (35) 



where ^ is the angle between the rotational and magnetic axes of a pulsar (see, e.g., equation (2.8) in iLvubarskii fc Petrova 



19981 ). Given that the plasma effects are ignored, the absorption depth is the same for the waves of the two polarizations. As 



is obvious from equation (35), resonant absorption can markedly affect the intensity of pulsar radio emission, especially at low 
enough frequencies. Note also that the scattering efhciencies depend on the frequency stronger than the absorption depth, so 
that the scattering can noticeably contribute to intensity suppression at the lowest radio frequencies. 

3.3 Power of the scattered radiation 

For a single electron, the scattered power can be written as 

P' ~ [ ai^I:,iLU,e,(f,)dLudO, (36) 
J V' 

© 2007 RAS, MNRAS OOO.IllfTSl 



10 S. A. Petrova 



where rj' ~ l/Ty i 0, (j)) is the spectral intensity of the incident radiation, j is the final polarization state of the scattered 

radiation, and stands for the sum over the two initial polarizations. The radio emission of a pulsar is generated by the 
plasma and because of relativistic beaming is concentrated into a narrow cone of the opening angle ~ 1/7||- Therefore one 
can assume that the angular distribution of the incident radiation is characterized by the delta-function, which peaks at the 
angle 6 with respect to the external magnetic field (1/7|| <^ 6 < 1) and at an arbitrary azimuth. Pulsar spectra are generally 
described by the power law, 



where the spectral index a ranges from 1 to 3 and 
L 



(38) 



with fo corresponding to the low-frequency turnover in the spectrum, ~ 10* Hz. 

Since the scattering cross-sections are also decreasing functions of frequency, the main contribution to the integral in 
equation (36) comes from the lowest frequencies, and we have 

P' ~ ^^'Mhln^- (39) 

In our case it is reasonable to take that Vh/ui/'yo ^ 1. Then the scattering of the A-polarization dominates and we obtain 



A' _ .n-a a f Vh/n \ L ( R 



-2 



pB'^llpA' (40) 

The total power provided by the system of the scattering particles, P ~ (P'^ + P^ )NeSR, is estimated as 



P- 4 X 10 ^ W^^er.s-^ [W^) WW^T'''^'- ^^^^ 



Although the scattered power does not exceed the synchrotron power of the particles (see the end of Sect. 3.1), it may be 
large enough to be observable. Thus, the scattering of low-frequency radiation by gyrating particles may be an additional 
mechanism of the pulsar high-en ergy emi s sion. 



As has been demonstrated in |Petroval(|2002l . l2003l) . the evolution of the particle distribution function is mainly determined 



by the resonant absorption, whereas the contribution of the spontaneous synchrotron re-emission is typically insignificant. 
Hence, the influence of the scattering on the particle momenta is all the more weak. Note, however, that the induced scattering 
off the gyrating particles, which is believed to be efficient because of extremely high brightness temperatures of pulsar radiation, 
may somewhat contribute to the increase of the particle rotational energies; this point will be examined in detail elsewhere. 



4 DISCUSSION AND CONCLUSIONS 

We have examined the magnetized scattering off a gyrating electron and have particularly concentrated on the low-frequency 

case, when the incident waves are well below the cyclotron resonance. The electron gyration changes the character of the 

scattering essentially: The scattered radiation presents a series of the harmonics of the gyrofrequency, cu'^ = ljc + v^, v = 

0,1,2.... At V = 0, the scattering cross-sections for different polarization channels resemble those in case of the electron 

at rest, but do not coincide exactly, except for the channel B —> B' . Furthermore, the scattering cross-sections appear to 

peak at high harmonics, ;/ ~ 70, so that the scattered radiation concentrates in the same range as the synchrotron emission 

of the electron, oJc ~ 7o^- The total scattering cross-section summed over the harmonics greatly exceeds the magnetized 

cross-section for the electron at rest, and the scattering process has distinct polarization signatures. In case of the electron 

at rest, the scattering in the channel A A' strongly dominates, whereas the cross-sections for the other channels are of 

the same order, ~ to'^/O,'^ less, and differ from each other by geometrical factors. For the relativistic gyrating electron, the 

cross-sections for the two incident polarizations are related as a^/a^ — 16f2^/9tj^7o) this ratio can be small and large, and 
^AA'/^AB' ^ 3/^3^ a^^'/a^s' ^ ^/^3^ 

The low-frequency scattering off the particles performing ultrarelativistic helical motion is directly applicable to pulsars. 
Close to the neutron star surface, the magnetic field is so strong that the particle rotational energies are almost immediately 
lost via synchrotron emission. However, in the outer magnetosphere, where the synchrotron losses are much less, the particles 
can acquire substantial transverse energies as a result of resonant absorption of the pulsar radio emission. The scattering 
in the regime under consideration is believed to take place at the bottom of the resonance region of radio waves, where 
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the high-energy waves meet the condition of cyclotron resonance, whereas the low-frequency ones are still well below the 
resonance. 

It is known that in pulsar case the spontaneous scattering by the rectilinearly moving particles affects the radio intensities 
negligibly. Although the scattering cross-section for the gyrating particles is much larger, the scattering efficiency still remains 
small over the radio frequency range, except for the lowest frequencies. It should be noted that the resonant absorption can 
noticeab ly suppress the radio intensities, especially at low frequencies, and can account for the low-frequency turnovers in pulsar 
spectra ( Luo &: Melrosell200ll : iFussell et al.l 120031 ). Since the scattering efficiencies for both polarization states are stronger 



functions of frequency than the absorption depth, one can expect that the scattering may contribute to intensity suppression 
beyond the spectral turnover. Note that in contrast to the resonant absorption the scattering affects the polarization of 
outgoing radiation. The scattering signatures in pulsar radio emission are yet to b e studied observationally. At present, the 
range beyond the low-frequency turn over is accessible only for a few radio telescopes ( Konovalenko. Lecacheux fc Rosolenlboool : 
Braude. Konovalenko fc Megnll2002r i and is difficult to investigate. The recent progress in the observational low-frequency radio 



astronomy, in particular, construction of the LQFAR telescope, se ems very promising as to the thorough studies of pulsar 
radio emission at the lowest radio frequencies ([Stappers et al.ll2007l ). 

The characteristic frequencies of the scattered radiation are the same as those of the synchrotron re-emission of the 
particle and fall into the optical or soft X-ray band. The scattering can noticeably contribute to the pulsar hig h-energy 



emission. Generally speaking, the mechanism of pulsar high-energy emission is still a matter of debate (see, e.g., Harding 



20051 . for a review). It should be noted that the distinctive feature of th e mechanisms based on synchrotro n re-emission 



of the particles participating in resonant absorption of the radio emission ( Petrova 20031 : Harding et al. 2005h is a physical 
connection betw een the radio and high -energy emissions of a pulsar. An evidence of such a connection has recently been found 
in observations ( Lommen et al.ll2007h . The low- frequency scattering off the gyrating particles is the additional mechanism 



of the pulsar high-energy emission, which also implies a connection with the lowest radio frequencies. Thus, the scattering 
process studied in the present paper may have important observational consequences. 

The scattering cross-section derived in Sect. 2.2 is believed to allow a number of other astrophysical applications. The 
spontaneous scattering considered above is expected to be accompanied with the induced one. Besides that, in the magneto- 
sphere of a pulsar, there may be other scattering sites, e.g., in the region of closed magnetic field lines. The scattering regime 
examined may also be applicable to synchrotron sources. In the classical formulation of the problem on the Compton losses in 
a synchrotron source, the frequencies of synchrotron emission greatly exceed the particle gyrofrequency and the assumption 
of the scattering by the rectilinearly moving particles is well justified. However, in case of a substantially broad distribution 
function of the particles and/or significant magnetic field gradients the values of the gyrofrequency lie over a wide range and 
the condition of the low-frequency scattering may also be satisfied. Since this process is much more efficient, it may have 
important implications. 
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APPENDIX A: DERIVATION OF THE FORMULAS GIVEN BY EQUATION (20) 

Below we derive the formulas given by equation (20) in the main text. To begin with, we apply the induction method to the 
well-known Schott formula 



Performing term-by-term differentiation of the series and finding the first- and second-order derivatives, one can obtain 



Above we have taken into account the Bessel equation, J^^ (z) + Jl{z) / z + J,^{1 — u'^ / z'^) — 0. Using equations ()A1|| - (|A2I) yields 



s(e) = u^J2j^{2u£) 




(Al) 



4(1 - l/e") ^^J2,A'2^e) = s"(e) + s'{e)/e. 



(A2) 
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t'— 1 

Then making use of the integral ( Gradshtevn fc Rvzhik 1980h 

n/2 

^ 2 



(A3) 



(A4) 



one can write 



TT 



t/2 



2 . 2^1 + 14K-'sin^6l + 21x*sin*6l + 4x''sin''6l 
X sm ■ ^ — — de'. 



[1 — x'^ sin 



2 c;Tn2 fl\7 



Performing routine integration, we find finaUy: 
x^ (64 + 592x^ + 472x'' + 271^) 



256(1 -x2)i3/2 



(A5) 



(A6) 



To get the sum of the analogous series X/^i "^"^ ('^^) proceed from the well-known formula of the theory of syn- 
chrotron emission 



x^{4 + x'^ 



s(x) = y"i'^J^(,yx) = ^ ,,,,, 

^ ' Z-^ •'^ ' 16(l-x2)7/2 
1^—1 

and differentiate it twice. This yields 

2^^ u'^Jl (i/x) — 2(1 — 1/x'^) u'^J'^{ux) — s"{x) + s'{x)/x, 

v=l v=l 

which can be reduced to 



64 -I- 624x^ + 632a;'' + 452;^ 
256(1 -2:2)11/2 ■ 



(A7) 



(A8) 



(A9) 
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